As a natural modifier of asphalt, rock asphalt has been widely used to improve its thermal stability and aging resistance. However, the thermal cracking resistance of asphalt modified by rock asphalt is unsatisfactory. In order to improve the thermal cracking resistance in low temperature, two kinds of modifiers-styrene-butadiene rubber (SBR) and nano-CaCO 3 -were selected as the compound modifiers, and then implemented to improve the low-temperature performance of the binder. Then, compound asphalt modified by Buton rock asphalt (BRA) was chosen as the study subject. The thermal stability and aging resistance of asphalt modified by BRA, compound-modified asphalt by BRA/SBR, and compound-modified asphalt by BRA and nano-CaCO 3 were determined to identify whether the compound modifiers in the asphalt would have a negative effect on the thermal stability and aging resistance of the asphalt. The dynamic shear rheometer (DSR) test was employed to evaluate the thermal stability. The thin film oven test (TFOT) and pressure aging vessel (PAV) were adopted to determine the aging resistance. The viscoelastic characteristics of asphalt with and without modifiers were revealed to evaluate the low-temperature crack resistance of asphalt modified by compound modifiers. The bending beam rheometer (BBR) creep test was conducted in three test temperatures in order to determine the creep stiffness modulus of the BRA compound-modified asphalt. The viscoelastic model considering the damage caused by loading was established; then, the creep compliance and parameters of the viscoelastic damage model were implemented to evaluate the low-temperature performance of the compound-modified asphalt. The results show that the compound modifiers have little negative effects on the thermal stability and aging resistance of asphalt. The thermal crack resistance of the compound-modified asphalt by BRA/SBR was the best, followed by the compound-modified asphalt by BRA and nano-CaCO 3 within the three materials. The accuracy of forecasting the characteristics of compound-modified asphalt was improved by using the viscoelastic model and considering the damage effect.
Introduction
The asphalt pavement structure is widely employed in most high-grade road projects. However, due to the characteristics of the axle load, heavy traffic flow, and traffic channelization of modern highway traffic, the requirements of road materials are constantly improved. The traditional asphalt materials and design methods [1] [2] [3] [4] can no longer meet the requirements of the durability of asphalt pavement. Therefore, in order to develop a new type of compound-modified asphalt with excellent thermal stability, low-temperature crack resistance, and good durability, it is necessary to study the performance of modified asphalt.
Buton rock asphalt (BRA) produced from Buton island of South Pacific Indonesia is naturally formed by petroleum or oil continuously emerging from the Earth's crust and impregnating into rocks, followed by evaporation and solidification over millions of years [5, 6] . In recent years, BRA has been successfully applied to Chinese road construction for its advantages such as good pavement performance, simple construction technology, et al. There are many studies on Buton rock asphalt. Studies by Wentong Huang have shown that BRA could effectively improve the water stability of the asphalt mixture [7] . Yingmei Yin et al. used dynamic shear rheometer (DSR) to study BRA-modified asphalt that was tested by strain sweep, frequency sweep, and temperature sweep. The results have shown that the rutting factor of the asphalt increased, and the rheological behavior of the asphalt at high temperature was dramatically varied with the increase of the mixing amount of BRA in the asphalt [8] .
Ruixia Li et al. tested the chemical composition and structure of BRA-modified asphalt with X-Ray diffraction, infrared spectrum, and thermal analysis. These tests indicated that BRA could effectively improve the adhesion property between asphalt and aggregate [9] . Shaowen Du found that BRA could improve the fatigue resistance of asphalt mixtures [10] . In addition, asphalt mixtures modified by BRA can improve the rutting and skid resistance of asphalt pavement [11, 12] . Although BRA has many advantages related to improving the performance of asphalt mixtures and pavement, it can reduce the low-temperature performance of asphalt and asphalt mixtures [13] . The low-temperature performance of BRA-modified asphalt is important, especially in cold regions, so this paper was aimed at finding a modifier to improve the low-temperature of BRA-modified asphalt.
The modification of asphalt binder with polymeric materials and crumb rubber is the most common method to improve the performance of the asphalt binder against most types of distresses [14] [15] [16] [17] . Styrene-butadiene rubber (SBR) is widely used as the asphalt modifier for the preparation of polymer-modified asphalt (PMA). SBR is considered to be one of the most effective modifiers for asphalt pavements [18] . The Engineering Brief published [19] on the Federal Aviation Administration website in 1987 described the benefits of SBR-modified asphalt in improving the performance of asphalt concrete pavements and sealant coatings. The low-temperature ductility was improved, the viscosity was increased, the elastic recovery was improved, and the adhesive and cohesive properties were improved. The morphological features of nanomaterials have special features derived from their nanoscale dimensions [20] . Due to the very tiny size and large surface area, the properties of nanomaterials are very different from the normal-sized materials [21] . In recent years, nanomaterials have attracted much attention because of their ability to improve the properties of bituminous materials. Nanotechnology is widely employed in the development of a new generation of materials to improve the macroscopic properties of materials [22, 23] . H Raufi et al. studied the performance of nano-CaCO 3 modified bitumen in hot mix asphalt; the results showed that an asphalt mixture prepared with 6% nano-CaCO 3 modified bitumen exhibited good performances against moisture susceptibility and high-temperature performance [24] . Unique mechanical and rheological properties of nanomaterials are conducive to the design and construction of durable pavement materials [25] . Adding these nanosized particles to another material may overcome the monolithic limitations, and asphalt binders are no exception. The addition of nanomaterials changes the rheological properties of asphalt binders, and may also lead to the changes in the intermolecular forces within the asphalt binder structure [26] . This is because the interaction at the phase interface is greatly increased when the size reaches the nanoscale.
As for evaluation indicators of the low-temperature performance of asphalt, penetration, ductility, equivalent brittle point et al. were adopted widely, but these indicators are empirical and have less relation to the mechanical properties of materials. Therefore, strategic highway research program (SHRP) proposed that the low-temperature performance of asphalt could be evaluated by stiffness modulus obtained by a bending beam rheometer (BBR) creep test, which could set relations between low-temperature performance and mechanical properties [27] . A low-temperature creep test, which tests the property of a material under a constant stress and low temperature, was employed in this paper. In the creep test, the flexibility of material was evaluated by creep compliance, which is the reciprocal of the stiffness modulus. Burgers' model was widely adopted in the studies on the viscoelasticity of asphalt and asphalt mixtures, but it didn't consider the influence of the damage and its distribution. To make Burgers' model conform to the practical test conditions, the Burgers' model coupling the damage was established.
The main objective of this paper is to improve the low-temperature performance of Buton rock asphalt (BRA)-modified asphalt and to establish a characterization method of the low-temperature performance. Two compound modifiers, SBR and nano-CaCO 3 , were added to the BRA-modified asphalt, respectively. The bending beam rheometer (BBR) creep test was employed under three test temperatures to determine the creep stiffness module of the two compound-modified asphalts. Meanwhile, the amounts of the two mixing modifiers were considered. The viscoelastic model of creep compliance considering the damage effects was proposed.
Materials

The properties of asphalt binders were measured according to the test methods of specification, the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011) [28] . AH-70 (penetration grade) base asphalt was used as the binder in this work, and its main technical indicators are summarized in Table 1 . The Buton rock asphalt (BRA, Figure 1 ) that was used in this test had been sifted with an 0.15-mm sieve. The technical indicators of BRA are shown in Table 2 . Two kinds of low-temperature modifiers, styrene-butadiene rubber (SBR, Figure 1 ) and nano-CaCO 3 (Figure 1 ), were adopted in this test. Their main technical properties are presented in Tables 3 and 4, have less relation to the mechanical properties of materials. Therefore, strategic highway research program (SHRP) proposed that the low-temperature performance of asphalt could be evaluated by stiffness modulus obtained by a bending beam rheometer (BBR) creep test, which could set relations between low-temperature performance and mechanical properties [27] . A low-temperature creep test, which tests the property of a material under a constant stress and low temperature, was employed in this paper. In the creep test, the flexibility of material was evaluated by creep compliance, which is the reciprocal of the stiffness modulus. Burgers' model was widely adopted in the studies on the viscoelasticity of asphalt and asphalt mixtures, but it didn't consider the influence of the damage and its distribution. To make Burgers' model conform to the practical test conditions, the Burgers' model coupling the damage was established.
The main objective of this paper is to improve the low-temperature performance of Buton rock asphalt (BRA)-modified asphalt and to establish a characterization method of the low-temperature performance. Two compound modifiers, SBR and nano-CaCO3, were added to the BRA-modified asphalt, respectively. The bending beam rheometer (BBR) creep test was employed under three test temperatures to determine the creep stiffness module of the two compound-modified asphalts. Meanwhile, the amounts of the two mixing modifiers were considered. The viscoelastic model of creep compliance considering the damage effects was proposed.
The properties of asphalt binders were measured according to the test methods of specification, the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011) [28] . AH-70 (penetration grade) base asphalt was used as the binder in this work, and its main technical indicators are summarized in Table 1 . The Buton rock asphalt (BRA, Figure 1 ) that was used in this test had been sifted with an 0.15-mm sieve. The technical indicators of BRA are shown in Table  2 . Two kinds of low-temperature modifiers, styrene-butadiene rubber (SBR, Figure 1 ) and nanoCaCO3 (Figure 1 ), were adopted in this test. Their main technical properties are presented in Tables  3 and 4 , respectively. 
Preparation of Modified Asphalt
Based on the Marshall test results, the determined optimum asphalt content of a base asphalt mixture and BRA-modified mixture of AC-16C were 4.2% and 4.4% by mass of the mixture, respectively. According to the test results and engineering experience, it was determined that the quality content of the BRA was 3% in the BRA-modified asphalt mixture. In the experiment, according to the composition of asphalt and mineral elements (ash) in the BRA, the amount of mineral powder and asphalt was adjusted to ensure that the asphalt content was constant in the BRA-modified asphalt mixture. Based on this, the calculated ratio between the BRA and the base asphalt was 0.83:1. To investigate the effect of the content of SBR and nano-CaCO 3 on BRA, BRA with different SBR contents (3%, 5%) and nano-CaCO 3 (5%, 10%) contents were prepared, respectively.
Firstly, base asphalt AH-70 was heated to 140 • C. Within the range of 140-145 • C, the asphalt was mixed by a glass rod when it was heated. When the base asphalt melted, the BRA was added into the base asphalt by using the external addition method. Then, the asphalt was kept at 140 • C for 10 min with high-speed shearing equipment running at 4000 rpm. After that, the low-temperature modifiers were respectively added into the asphalt, which having been mixed well, and then, the compounds continued to be mixed for 25-30 min. When all of the processes were finished, the two BRA compound-modified asphalts were prepared. The properties of the modified asphalts were tested, and the results are shown in Table 5 . According to the analysis of the basic properties of the compound-modified asphalt in Table 5 , it can be concluded that the addition of nano-CaCO 3 and SBR can improve the high-temperature stability of the BRA.
To further reveal the impact of the modifier on the performance of the asphalt material, the test of thermal (high and low) performance and aging resistance of BRA compound-modified asphalts was conducted. The thermal stability of the BRA compound-modified asphalt was determined by determining the rheological properties of the asphalt binder using a dynamic shear rheometer. The thermal cracking property characterized by the creep stiffness modulus was tested through using the bending beam rheometer (BBR) test. The creep compliance and parameters of the viscoelastic damage model were implemented to evaluate the low-temperature performance of the compound-modified asphalts. The thin film oven test (TFOT) test was employed to evaluate the short-term aging properties of the compound-modified asphalts and its long-term aging properties were tested by a pressure aging vessel (PAV) test.
Tests and Results
The Evaluation of the Thermal Stability and Aging Resistance for Modified Asphalt
Thermal Stability
The dynamic shear rheometer (DSR) can be employed to measure the rheological properties of asphalt at high and medium temperatures to evaluate the thermal stability of asphalt. Within the viscoelastic range, it was implemented to detect the complex shear modulus G*, phase angle δ,
6 of 17 and anti-rutting factor G*/sinδ of asphalt, and its rheological properties can be evaluated. The test temperature of a dynamic shear rheometer (DSR) starts from 58 • C. If the anti-rutting factor G*/sinδ is qualified, the test was performed at 64 • C for one grade, and the requalification continues to increase to 70 • C for testing until a test temperature of G*/sinδ < 1.0 KPa then stopped the test. The complex shear modulus G* indicates the ability of the material to resist the shear deformation. The greater the value of G*, the harder the asphalt, which meant a better rutting resistance. The smaller the phase angle was, the more elastic the components in the asphalt.
The dynamic shear rheometer (DSR) test was implemented to qualify the high temperature performance of nano-CaCO 3 /BRA and SBR/BRA compound-modified asphalt. The results of dynamic shear rheometer (DSR) tests before the aging of nano-CaCO 3 /BRA and SBR/BRA compound-modified asphalts with different contents are shown in Figures 2-4 temperature of a dynamic shear rheometer (DSR) starts from 58 °C. If the anti-rutting factor G*/sinδ is qualified, the test was performed at 64 °C for one grade, and the requalification continues to increase to 70 °C for testing until a test temperature of G*/sinδ < 1.0 KPa then stopped the test. The complex shear modulus G* indicates the ability of the material to resist the shear deformation. The greater the value of G*, the harder the asphalt, which meant a better rutting resistance. The smaller the phase angle was, the more elastic the components in the asphalt. The dynamic shear rheometer (DSR) test was implemented to qualify the high temperature performance of nano-CaCO3/BRA and SBR/BRA compound-modified asphalt. The results of dynamic shear rheometer (DSR) tests before the aging of nano-CaCO3/BRA and SBR/BRA compound-modified asphalts with different contents are shown in Figures 2-4 , respectively. Figure 2 shows that the complex shear moduli G* of the five modified asphalts decreasing with increasing temperature. Under the same temperature conditions, the complex shear modulus G* of 10% nano-CaCO3/BRA compound-modified asphalt is the largest. The BRA has the smallest complex shear modulus G*. The complex shear modulus of 5% SBR/BRA compound-modified asphalt is much larger than that of 3% SBR/BRA compound-modified asphalt. This shows that the addition of nanoCaCO3 and SBR can significantly improve the resistance of BRA to deformation, and with the increase of the amount of addition, the deformation resistance is enhanced. Figure 2 shows that the complex shear moduli G* of the five modified asphalts decreasing with increasing temperature. Under the same temperature conditions, the complex shear modulus G* of 10% nano-CaCO 3 /BRA compound-modified asphalt is the largest. The BRA has the smallest complex shear modulus G*. The complex shear modulus of 5% SBR/BRA compound-modified asphalt is much larger than that of 3% SBR/BRA compound-modified asphalt. This shows that the addition of nano-CaCO 3 and SBR can significantly improve the resistance of BRA to deformation, and with the increase of the amount of addition, the deformation resistance is enhanced. As can be observed from Figure 3 , under the same temperature conditions, the phase angle δ of the 5% SBR/BRA compound-modified asphalt is the smallest, and that of the BRA is the largest. This shows that the addition of nano-CaCO3 and SBR can improve the elastic composition of the BRA, and the 5% SBR/BRA compound-modified asphalt is the most likely to restore deformation compared with the other four kinds of modified asphalt. It can be observed from Figure 4 that at the same temperature, the anti-rutting factors G*/sinδ of the four kinds of BRA compound-modified asphalt are larger than that of BRA at the same temperature, and the rutting resistance of 10% nano-CaCO3/BRA compound-modified asphalt is the best. The failure temperature of 10% nano-CaCO3/BRA and 5% SBR/BRA compound-modified asphalts reached 88 °C, which is a temperature grade higher than the failure temperature of 82 °C. It shows that the high temperature properties of nano-CaCO3/BRA, SBR/BRA compound-modified asphalt, and anti-rutting performance are more superior to those of BRA. As can be observed from Figure 3 , under the same temperature conditions, the phase angle δ of the 5% SBR/BRA compound-modified asphalt is the smallest, and that of the BRA is the largest. This shows that the addition of nano-CaCO 3 and SBR can improve the elastic composition of the BRA, and the 5% SBR/BRA compound-modified asphalt is the most likely to restore deformation compared with the other four kinds of modified asphalt. As can be observed from Figure 3 , under the same temperature conditions, the phase angle δ of the 5% SBR/BRA compound-modified asphalt is the smallest, and that of the BRA is the largest. This shows that the addition of nano-CaCO3 and SBR can improve the elastic composition of the BRA, and the 5% SBR/BRA compound-modified asphalt is the most likely to restore deformation compared with the other four kinds of modified asphalt. It can be observed from Figure 4 that at the same temperature, the anti-rutting factors G*/sinδ of the four kinds of BRA compound-modified asphalt are larger than that of BRA at the same temperature, and the rutting resistance of 10% nano-CaCO3/BRA compound-modified asphalt is the best. The failure temperature of 10% nano-CaCO3/BRA and 5% SBR/BRA compound-modified asphalts reached 88 °C, which is a temperature grade higher than the failure temperature of 82 °C. It shows that the high temperature properties of nano-CaCO3/BRA, SBR/BRA compound-modified asphalt, and anti-rutting performance are more superior to those of BRA. It can be observed from Figure 4 that at the same temperature, the anti-rutting factors G*/sinδ of the four kinds of BRA compound-modified asphalt are larger than that of BRA at the same temperature, and the rutting resistance of 10% nano-CaCO 3 /BRA compound-modified asphalt is the best. The failure temperature of 10% nano-CaCO 3 /BRA and 5% SBR/BRA compound-modified asphalts reached 88 • C, which is a temperature grade higher than the failure temperature of 82 • C. It shows that the high temperature properties of nano-CaCO 3 /BRA, SBR/BRA compound-modified asphalt, and anti-rutting performance are more superior to those of BRA.
Aging Resistance
Asphalt will be aging during the process of storage, mixing, transportation, construction, and service. Due to the long-time contact with air, under the influence of natural conditions, a series of physical and chemical reactions will happen, which will adversely affect the performance of asphalt pavement. The short-term aging of asphalt is mainly caused by the mixing and paving process. There are two test methods for indoor tests to simulate short-term aging: the thin film oven test (TFOT), and the rolling thin film oven test (RTFOT).
(1) Thin Film Oven Test (TFOT) test
The short-term aging test using the thin film oven test (TFOT) was employed in this paper. The stainless steel discs (diameter 140 mm × deep 9.5 mm) were loaded into the ventilation oven. The temperature of the oven was kept at 163 • C and the speed was kept at 5.5 r/min. After 5 h, the weight loss, penetration ratio, and rutting factor [31] of the aged asphalt samples were determined. The changes of indicators for nano-CaCO 3 /BRA and SBR/BRA compound-modified asphalt after the thin film oven test (TFOT) aging are shown in Table 6 . From Table 6 , it can be observed that the quality of the five modified asphalts has been lost, and the quality loss of the 10% nano-CaCO 3 /BRA compound-modified asphalt is the least compared to that of the BRA. It shows that, during the aging process, the nano-CaCO 3 /BRA compound-modified asphalt has relatively less volatilization. The penetration ratio of 5% SBR/BRA compound-modified asphalt is the largest compared to that of BRA, even reaching 95.5%. This indicates that the 5% SBR can significantly improve the anti-aging properties of BRA.
The rutting resistance of the five modified asphalt samples after the thin film oven aging test was compared with rutting resistance before aging. The test data are shown in Figure 5 . Asphalt will be aging during the process of storage, mixing, transportation, construction, and service. Due to the long-time contact with air, under the influence of natural conditions, a series of physical and chemical reactions will happen, which will adversely affect the performance of asphalt pavement. The short-term aging of asphalt is mainly caused by the mixing and paving process. There are two test methods for indoor tests to simulate short-term aging: the thin film oven test (TFOT), and the rolling thin film oven test (RTFOT).
The short-term aging test using the thin film oven test (TFOT) was employed in this paper. The stainless steel discs (diameter 140 mm × deep 9.5 mm) were loaded into the ventilation oven. The temperature of the oven was kept at 163 °C and the speed was kept at 5.5 r/min. After 5 h, the weight loss, penetration ratio, and rutting factor [31] of the aged asphalt samples were determined. The changes of indicators for nano-CaCO3/BRA and SBR/BRA compound-modified asphalt after the thin film oven test (TFOT) aging are shown in Table 6 . From Table 6 , it can be observed that the quality of the five modified asphalts has been lost, and the quality loss of the 10% nano-CaCO3/BRA compound-modified asphalt is the least compared to that of the BRA. It shows that, during the aging process, the nano-CaCO3/BRA compound-modified asphalt has relatively less volatilization. The penetration ratio of 5% SBR/BRA compound-modified asphalt is the largest compared to that of BRA, even reaching 95.5%. This indicates that the 5% SBR can significantly improve the anti-aging properties of BRA.
The rutting resistance of the five modified asphalt samples after the thin film oven aging test was compared with rutting resistance before aging. The test data are shown in Figure 5 . The results can be observed from the curve change in Figure 5 . It is known that both the original anti rutting factor and the anti-rutting factor after thin film oven test (TFOT) aging, the nano- The results can be observed from the curve change in Figure 5 . It is known that both the original anti rutting factor and the anti-rutting factor after thin film oven test (TFOT) aging, the nano-CaCO 3 /BRA, and SBR/BRA compound-modified asphalt are all larger than the BRA. This shows that the addition of SBR and nano-CaCO 3 can improve the anti-rutting performance of BRA.
(2) Pressure Aging Vessel (PAV) test
The pressure aging vessel (PAV) aging test is a simulated oxidation aging of asphalt pavement over approximately five to eight years, which is employed to evaluate the antioxidant aging ability of different asphalts under the conditions of temperature and pressure. The test method of pressure aging vessel (PAV) aging is to put a thin film oven test (TFOT) sample into a pressure vessel with a pressure of 2.1 MPa ± 0.1 MPa and temperature of 90~110 • C for 20 h.
The samples of SBR/BRA and nano-CaCO 3 /BRA compound-modified asphalt with different content were tested with the bending beam rheometer (BBR), and test temperatures of −6 • C and −12 • C were adopted and compared with those before aging. The creep stiffness S and the creep slope m value of SBR/BRA and nano-CaCO 3 /BRA compound-modified asphalts were compared before and after pressure aging vessel (PAV) aging, as shown in Figures 6 and 7 . CaCO3/BRA, and SBR/BRA compound-modified asphalt are all larger than the BRA. This shows that the addition of SBR and nano-CaCO3 can improve the anti-rutting performance of BRA.
(2) Pressure Aging Vessel (PAV) test
The pressure aging vessel (PAV) aging test is a simulated oxidation aging of asphalt pavement over approximately five to eight years, which is employed to evaluate the antioxidant aging ability of different asphalts under the conditions of temperature and pressure. The test method of pressure aging vessel (PAV) aging is to put a thin film oven test (TFOT) sample into a pressure vessel with a pressure of 2.1 MPa ± 0.1 MPa and temperature of 90~110 °C for 20 h.
The samples of SBR/BRA and nano-CaCO3/BRA compound-modified asphalt with different content were tested with the bending beam rheometer (BBR), and test temperatures of −6 °C and −12 °C were adopted and compared with those before aging. The creep stiffness S and the creep slope m value of SBR/ BRA and nano-CaCO3/BRA compound-modified asphalts were compared before and after pressure aging vessel (PAV) aging, as shown in Figures 6 and 7 . From Figures 6 and 7 , it can be observed that at −6 °C, the stiffness S and m value before and after pressure aging vessel (PAV) aging of nano-CaCO3/BRA and SBR/BRA compound-modified asphalt with different contents are satisfied with the requirements of S ≤ 300 MPa and m ≥ 0.3. Under the conditions of −6 °C and −12 °C, the S value of the 5% SBR compound-modified asphalt is the smallest relative to the other four kinds of modified asphalt before and after the pressure aging vessel (PAV) aging, but the m value is the largest, compared with the other four kinds of modified asphalt. This indicates that the 5% SBR/BRA compound-modified asphalt has the better low-temperature performance. The reason is that the SBR swells in the asphalt and forms a network structure, which is more resilient and more resistant to deformation.
From Figures 6 and 7 , it can be observed that at the different content of nano-CaCO3, the low- From Figures 6 and 7 , it can be observed that at −6 • C, the stiffness S and m value before and after pressure aging vessel (PAV) aging of nano-CaCO 3 /BRA and SBR/BRA compound-modified asphalt with different contents are satisfied with the requirements of S ≤ 300 MPa and m ≥ 0.3. Under the conditions of −6 • C and −12 • C, the S value of the 5% SBR compound-modified asphalt is the smallest relative to the other four kinds of modified asphalt before and after the pressure aging vessel (PAV) aging, but the m value is the largest, compared with the other four kinds of modified asphalt. This indicates that the 5% SBR/BRA compound-modified asphalt has the better low-temperature performance. The reason is that the SBR swells in the asphalt and forms a network structure, which is more resilient and more resistant to deformation.
From Figures 6 and 7 , it can be observed that at the different content of nano-CaCO 3 , the low-temperature performance of BRA slightly improved. This is mainly because the BRA is a porous honeycombed structure, and nano-CaCO 3 is a nano-inorganic powder material that can be interspersed in the BRA to better integrate the BRA with the base asphalt. However, nano-CaCO 3 is prone to slight agglomeration, which affects the modification effect of base asphalt to some extent.
The Evaluation of Low-Temperature Performance for Modified Asphalt
Test of Creep Compliance
Strategic highway research program (SHRP) proposed that the low-temperature performance of asphalt can be evaluated by the stiffness modulus obtained by the bending beam rheometer (BBR) creep test, which could build the relationship between the low-temperature performance and mechanical properties [27] . The creep compliance can be employed to characterize the flexibility of the material at low temperature.
The creep compliance is calculated as follows:
where b is the width of a simply supported beam in mm; h is the height of a simply supported beam in mm; L is the span of a simply supported beam in mm; P is a constant load added on a simply supported beam, P is 100 g × 9.8 N/kg = 0.98 N; δ(t) is the mid-span deflection of the beam changing with time in mm. Let Equation (2) divide by Equation (1); then, the creep compliance can be calculated:
where J(t) is the creep compliance in MPa −1 ; ε(t) is the strain of the creep test at different times in mm/mm; σ 0 is the constant stress of creep test in MPa; and I is the moment of inertia for a cross-section of a beam specimen (=bh 3 /12) in mm 4 .
Bending Beam Rheometer Test
The bending beam rheometer (BBR) creep test, according to the controlled stress procedure of ASTM D6648, was conducted [27] . The creep tests of compound-modified asphalt are tested in different test temperatures (−6 • C, −12 • C, and −18 • C) by Thermoelectric bending beam rheometer (TE-BBR) (Figure 8 ), respectively. The load and deformation in the testing process were automatically collected by a computer data acquisition system. (Figure 8 ), respectively. The load and deformation in the testing process were automatically collected by a computer data acquisition system. 
Results of Creep Test
The curves of creep compliance of BRA compound-modified asphalt in −6 °C, −12 °C, and −18 °C are shown in Figure 9 . From analyzing the creep compliance in Figure 9 , conclusions can be drawn as below: 
The curves of creep compliance of BRA compound-modified asphalt in −6 • C, −12 • C, and −18 • C are shown in Figure 9 . From analyzing the creep compliance in Figure 9 , conclusions can be drawn as below: (1) Comparison under the same temperature (a) With the increase of the amounts of SBR, the creep compliance of BRA/SBR compound-modified asphalt will be increased, which means that SBR can improve the flexibility of BRA-modified asphalt. So, the low-temperature performance of BRA-modified asphalt can be improved.
The creep compliance of BRA/nano-CaCO 3 compound-modified asphalt slightly increased with an increase of the mixing amount of nano-CaCO 3 at the same temperature, which means that the low-temperature performance of BRA/nano-CaCO 3 compound-modified asphalt slightly improved. Moreover, the improving effect of nano-CaCO 3 on the low-temperature performance of BRA-modified asphalt was less obvious when the temperature was lower.
(2) Comparison under same time (a) When the temperature was lowered, the compliance of two kinds of BRA compound-modified asphalt decreased, and the modified asphalt hardened.
The creep compliance of BRA/SBR polymer compound-modified asphalt was larger than BRA-modified asphalt. (c)
As the temperature decreased, the creep compliance of BRA/nano-CaCO 3 compound-modified asphalt was close to that of BRA. It means that the improving effect of nano-CaCO 3 on the low-temperature performance of BRA-modified asphalt was not obvious.
In conclusion, BRA/SBR polymer compound-modified asphalt containing 5% SBR had the greatest creep compliance compared with the other asphalts in the same temperature and the same test time. So, SBR can improve the low-temperature performance of BRA-modified asphalt, and its suitable content is 5% in BRA-modified asphalt.
Viscoelastic Damage Model Considering the Damage Effect
The Establishment of Viscoelastic Damage Model Considering the Damage
To obtain the viscoelastic characteristics for asphalt, Burgers' model was used in many research studies. Lots of studies have demonstrated that asphalt is a viscoelastic fluid material, so asphalt's elasticity, viscoelasticity and flow limitation should be considered when the mechanical characteristics of asphalt are analyzed. Burgers' model is a viscoelastic model that is suitable for analyzing asphalt's rheological behavior. Burgers' model is made up of the Maxwell model and the Kelvin model, and is successfully applied to the viscoelastic analysis of asphalt and asphalt mixtures [32] [33] [34] [35] .
Burgers' model is shown in Figure 10 . (1) Comparison under the same temperature (a) With the increase of the amounts of SBR, the creep compliance of BRA/SBR compoundmodified asphalt will be increased, which means that SBR can improve the flexibility of BRA-modified asphalt. So, the low-temperature performance of BRA-modified asphalt can be improved. (b) The creep compliance of BRA/nano-CaCO3 compound-modified asphalt slightly increased with an increase of the mixing amount of nano-CaCO3 at the same temperature, which means that the low-temperature performance of BRA/nano-CaCO3 compound-modified asphalt slightly improved. Moreover, the improving effect of nano-CaCO3 on the lowtemperature performance of BRA-modified asphalt was less obvious when the temperature was lower.
(2) Comparison under same time (a) When the temperature was lowered, the compliance of two kinds of BRA compoundmodified asphalt decreased, and the modified asphalt hardened. (b) The creep compliance of BRA/SBR polymer compound-modified asphalt was larger than BRA-modified asphalt. (c) As the temperature decreased, the creep compliance of BRA/nano-CaCO3 compoundmodified asphalt was close to that of BRA. It means that the improving effect of nanoCaCO3 on the low-temperature performance of BRA-modified asphalt was not obvious.
Viscoelastic Damage Model Considering the Damage Effect
The Establishment of Viscoelastic Damage Model Considering the Damage
Burgers' model is shown in Figure 10 . ( )
where τ = η2/E2; E1, η1, E2 and η2 are the viscoelastic parameters of Burgers' model. However, from the point of view of the mechanics of damage, if asphalt is under a constant load in the bending creep test, lots of microdefects in the materials will occur [36] . Therefore, if the The expression for the creep compliance of Burgers' model is given by:
where τ = η 2 /E 2 ; E 1 , η 1 , E 2 and η 2 are the viscoelastic parameters of Burgers' model. However, from the point of view of the mechanics of damage, if asphalt is under a constant load in the bending creep test, lots of microdefects in the materials will occur [36] . Therefore, if the prediction of creep compliance is under the consideration of the damage factor in a special test temperature, the actual values and the fitted values have a very high fitting precision.
It is known from the formation and distribution of material defects that the defects are discrete in the material. However, in the need of research, continuum damage mechanics make material defects continuous, and use damage variables to characterize the effect of defects on the material. Many studies suggest that the Weibull distribution is suitable for the characterization of the defects distribution within a material, and has been widely used to analyze the fatigue damage characterization of asphalt and asphalt mixtures [37] [38] [39] [40] [41] . If microdefects in BRA compound-modified asphalt obey the Weibull distribution, the microdefects' density function changing with time is under:
where m and n are the material parameters obtained by the regression of data of experiments.
The results of integrating Equations (2) and (3) are calculated as follows:
If the initial damage factor D(γ) = 0, Equation (7) is simplified as:
where γ = critical time of defects starting to form, γ is considered as 0 in the test, and then the continuous damage factor is simplified as:
From Equation (9), the existence of defects increases the creep strain's growth. Thus, if the damage is considered, the model for the variation of creep compliance of viscoelastic material will be accurate.
After putting σ 0 to the left of Equation (10), Burgers' constitutive mode considering defects in material is given by:
Fitting Results of Viscoelastic Damage Model
The viscoelastic properties of two kinds of BRA compound-modified asphalt are analyzed by the viscoelastic damage model established in this paper. This Levenberg-Marquardt method was implemented to fit the creep compliance of BRA-modified asphalt in −6 • C, −12 • C, and −18 • C. The parameters of creep compliance of the viscoelastic damage model are shown in Table 7 . The columnar diagram viscoelastic parameters (E 1 , E 2 , η 1 and η 2 ) of the model changed with temperature are shown in Figure 11 . implemented to fit the creep compliance of BRA-modified asphalt in −6 °C, −12 °C, and −18 °C. The parameters of creep compliance of the viscoelastic damage model are shown in Table 7 . The columnar diagram viscoelastic parameters (E1, E2, η1 and η2) of the model changed with temperature are shown in Figure 11 . (a) The coefficient of determination R 2 between the model and test data shown in Table 7 indicated that the fitting degree of test data and creep compliance of viscoelastic damage model is very precise. So, considering the effect of microdefects during the loading process can improve the precision in the prediction of viscoelastic parameters of compound-modified asphalt.
(b) As shown in Figure 11a ,b,d, the viscoelastic parameters (E 1 , E 2 and η 2 ) of BRA compound-modified asphalt increased as the temperature decreased, which indicated that the low-temperature performance of the material decreased. Among the viscoelastic parameters, E 2 and η 2 had the same change trend as the temperature decreased, so both have good correlation with each other. (c) In three test temperatures, the viscoelastic parameters (E 1 , E 2 , and η 1 ) of BRA compound-modified asphalt, in which 5% SBR was the smallest among the test conditions, indicated that SBR could improve the flexibility and low-temperature performance of BRA-modified asphalt. The difference of viscoelastic parameters between BRA/nano-CaCO 3 compound-modified and BRA-modified asphalt is not obvious, which indicated that nano-CaCO 3 couldn't effectively improve the low-temperature performance of BRA-modified asphalt.
In conclusion, SBR can reduce the parameter values of BRA-modified asphalt and improve its flexibility effectively at low temperature. In order to improve the low-temperature performance, it is effective to add SBR into BRA-modified asphalt.
In this paper, the low-temperature performance of BRA compound-modified asphalt was evaluated only through asphalt, whereas the performance of an asphalt mixture is even closer to asphalt pavement than asphalt itself. So, subsequent research should focus on the performance of a SBR/BRA compound-modified asphalt mixture.
Conclusions
According to test and analysis results, the following conclusions were drawn:
1.
The suitable addition of nano-CaCO 3 and SBR can improve the thermal stability and without negative effects to the aging resistance of BRA-modified asphalt to some extent. The anti-rutting performance of 10% BRA/nano-CaCO 3 compound-modified asphalt was the best. The thermal cracking performance of 5% BRA/SBR-modified asphalt has been effectively improved, and that of nano-CaCO 3 is not obvious.
2.
The prediction accuracy of the viscoelasticity for compound-modified asphalt has been raised by the improved Burgers' model, and considered the effect of damage. The creep compliance shows a good agreement with the experimental results, so it can be applied to analyze the viscoelasticity of compound-modified asphalt. 3.
The viscoelastic parameters (E 1 , E 2 and η 1 ) of BRA compound-modified asphalt increased with the decrease of temperature, which indicated that the flexibility of the material decreased.
